. Continuous normothermic perfusion with normal potassium concentrations but with cardiac standstill induced by electrical fibrillation reduced the recovery of aortic flow to 80%. This detrimental effect of ventricular fibrillation is in agreement with the observations of Hottenrott et al. (1974) and others, and may possibly be due in part to subendocardial ischaemia resulting from maintained cardiac tone and redistribution of coronary flow.
The minimum concentration of potassium and the degree of hypothermia required to produce complete cardiac arrest were then investigated. As the concentration of potassium was raised from 5 to 50 mmol/l the heart progressively slowed until complete arrest occurred at approximately 20 mmol/l potassium. In studies where the temperature of the perfusate was progressively reduced from 37°C to 0°C similar results were obtained, with complete cardiac arrest occurring at approximately 60C. The use of 20 mmol/l potassium would pose practical problems of elimination in the clinical situation and 4°C is logistically difficult to maintain in an operating theatre. We therefore investigated the possibility of using the additive effect of moderate hypothermia and minimal elevation of potassium concentration to achieve complete arrest. The combination of 13 mmol/l potassium and 24°C hypothermia was shown to induce complete arrest and also to permit 100% recovery after a 30 min period.
All the interventions described so far have a different biochemical basis and as such are likely to have differing metabolic and functional consequences. In an attempt to find a biochemical indicator or determinant of damage and recovery, a parallel series of studies was carried out in which, instead of allowing the hearts to recover at the end of the experimental period, they were instantly frozen by compressing them between metal plates cooled in liquid N2. The frozen tissue was analysed for ATP and its companion energy carrier creatine phosphate (CP), which we have shown previously (Hearse & Chain 1972) may act as accurate indicators of the ability of the myocardium to recover from certain conditions of stress. The results revealed that in a control situation with continuous normothermic coronary perfusion for the 30 min experimental period the total myocardial content of ATP and CP was 46.7 ,umol per g dry weight. Normothermic coronary perfusion with 16 mmol/l potassium (which allowed recovery in excess of 100%) led to a tissue level of 56.3 .tmol per g dry weight. Hypothermic coronary perfusion at 4°C (which allowed recovery to 96%) led to a level of 46.3 ,umol per g dry wt. Ischaemia at 37°C for 30 min (which allowed a 5% recovery) led to a level of only 8.1 pmol per g dry wt. If the total myocardial content of ATP and CP from these and other experiments was plotted against the recovery of aortic flow a good correlation (r= 0.96, P<0.001) was observed. I While direct extrapolation to the human of these studies carried out with the isolated perfused rat heart is not justified, our results would indicate that complete myocardial protection during cardiac bypass can only be achieved by ensuring continuous and adequate coronary perfusion. However, under conditions requiring the use of ischimic arrest, the onset of tissue damage can be delayed or reduced by a variety of interventions ranging from hypothermia to coronary infusion of various protective agents. Finally the myocardial content of ATP and creatine phosphate is a good indicator and possibly a determinant of the ability of the heart to survive. The myocardium is made up of many branching cells, the myocardial fibres, each of which is 50 to 70 ,m long and 5 to 10 um wide. As each myocardial fibre shows variable branching the exact volume and shape of individual fibres may differ more widely than the average width and length suggest. The fibres are joined to each other by intercalated discs which hold the fibres together and allow passage of ions and electrical current. Each fibre is covered by sarcolemma, a membrane which separates the cell from the extracellular fluid.
The electron microscope shows that each fibre is made up of bundles of fibrils which run the length of the fibre. Each fibril consists of numerous sarcomeres delineated at each end by Z lines which give the cross-striations to the fibrils. The sarcomere is the ultimate unit of contraction and is composed of two sets of filaments, thick ones composed of myosin and thin ones of actin.
Activation of the contractile system is mediated by the sarcolemma and its tubular invaginations into the cell (the T system) and the sarcoplasmic reticulum which is a network of fine tubules within the cell (Henderson 1975 , Chidsey & Braunwald 1966 . Within thesarcomeres the thick myosin filaments make up the central dark A bands and alternate with thin filaments of actin extending from the Z lines, which give them attachment, through the actin I bands to overlap the myosin filaments. Forty per cent of the myocardial cell is composed of mitochondria in which take place the processes of aerobic metabolism on which the myocardium is highly dependent. These mitochondria lie between the fibrils.
The aerobic enzymes (which are only a very minor source of high energy phosphate production in heart muscle) are located in the cytoplasm. The actin myosin fibrils account for only about 50% of the myocardial fibre volume compared with 80-90 % of the total mass of skeletal muscle. When the cell is activated a repetitive interaction occurs between actin and myosin and the thin actin filaments are pulled in towards the centre of the A band so shortening the sarcomere.
Normal Function
Normal cardiac function depends on excitation, conduction and contraction occurring normally in an anatomically normally constructed heart with intact valves. The mechanical behaviour of heart muscle is most easily understood in isolated papillary muscle preparations in which shortening is unidirectional. The force/velocity relationship is a curve describing the inverse relation between velocity of shortening and load. The force stretching the muscle at rest is called the pre-load and the load against which the muscle contracts is called the after-load. In the intact heart measurements of pressure, volume and myocardial mass are all needed in order to describe contractility, compliance and wall tension. Contractile state refers to the myocardium's capacity to contract. The complex interrelationship between force, velocity and length seen in the changing velocity of shortening during contraction determines the great difficulty in finding a convenient measurement of myocardial fitness.
Pre-load is the resting muscle length. The greater the initial muscle length the greater is the extent of shortening (the Frank-Starling mechanism). This enables the heart automatically to adjust to changes in venous return. Heart muscle is relatively stiff and resting tension rises steeply as the heart muscle is stretched towards its limit. The sarcomere cannot be stretched beyond about 2.2 ,um. At this length the degree of overlap between actin and myosin filaments is optimal so from this length the muscle develops maximum contractile force. The elastic elements are responsible for the steep rise in tension when heart muscle is stretched and the difference in stiffness between cardiac and skeletal muscle probably lies in the connective tissue. Viscous and inertial factors also affect diastolic compliance.
The stroke volume is determined directly by the end-diastolic volume through Starling's law, both the initial size of the heart and the volume of blood ejected being determined by the volume of blood returned on a beat-to-beat basis. The ratio of the stroke volume to the end-diastolic volume (ejection fraction) varies only slightly. A change in contractility can be defined as a change in myocardial function which alters stroke volume or developed pressure independent of a change in diastolic volume.
Changes in Disease
The heart has three basic compensatory mechanisms: (1) Hypertrophy. (2) Dilatation. (3) Increase in rate.
Hypertrophy
Myocardial cells in man probably do not increase in number after birth. When the myocardium hypertrophies there is an increase in the size of cells rather than an increase in number. The fibres are broader and each component myofibril also appears larger in diameter. Ventricular hypertrophy occurs in response to an increase in after-load (pressure-work) from outflow tract obstruction either proximally from pulmonary or aortic stenosis or more distally from an increase in peripheral impedance in pulmonary or systemic hypertension. It occurs in the chronically failing dilated ventricle when the stimulus may be an increase in wall tension and it occurs without explanation in hypertrophic cardiomyopathy.
Isolated papillary muscle studies suggest that hypertrophied myocardium contracts slightly less well than normal myocardium but the results of studies of isolated papillary muscle cannot necessarily be applied to the total ventricle. Uncomplicated hypertrophy of the left ventricle is associated with normal function of the muscle in terms of diastolic and systolic volumes. Indeed ejection fraction (that proportion of the end-diastolic volume which is ejected from the ventricle at each beat) is normal or even enhanced. The normal ejection fraction is above 60 % and in aortic stenosis the ejection fraction is often as high as 80 % or even more. This may to some extent be explained by concentric hypertrophy with some inward growth so that hypertrophied muscle, and especially the papillary muscles, encroaches upon the lumen.
If myocardial function in hypertropliy is graded by the maximal rate of pressure development (dp/dt max) during the isovolumic phase before the aortic valve opens this is usually normal despite the increase in after-load. By this criterion the hypertrophied muscle could be considered even to be supernormal because the response of normal non-hypertrophied muscle to a sudden increase in after-load (such as caused by vasoconstriction with phenylephrine) is a brisk fall in dp/dt.
Failure of the hypertrophied left ventricular myocardium eventually occurs. In aortic valve disease the cause is inadequate coronary blood flow for mechanical reasons. In high blood pressure the cause is also usually inadequate coronary blood flow but due to the coronary atheromatous disease to which hypertension predisposes the individual.
In aortic stenosis blood is actually squeezed out of the coronary arteries during contraction of the high pressure left ventricle and coronary flow becomes wholly diastolic. The oxygen requirements of the pressure-loaded left ventricle are much enhanced and several times normal in severe aortic stenosis. Maximal vasodilatatipn in the coronary bed increases flow and in the child the calibre of the main coronary arteries becomes very large. When aortic stenosis becomes severe in adult life the coronary arteries may not enlarge. Deformity of the aortic valve may result in defective vortex formation and fail to promote flow down the coronary ostia in the normal manner. Tachycardia on exercise will reduce left ventricular filling and the combination of curtailed diastolic coronary flow time and reduced stroke output and blood pressure may lead to severe ischemia. A rise in left ventricular diastolic pressure as muscle function deteriorates further restricts subendocardial nutrition and in aortic regurgitation a low aortic diastolic pressure eventually jeopardizes the coronary circulation.
Dilatation
In valvular disease with regurgitation or congenital septal defect the end-diastolic volume is increased and if an increased stroke volume is to be produced in direct relation to this increase the extent of shortening is enhanced according to the Starling relation. When diastolic filling pressure is increased myocardial fibre length is increased and diastolic sarcomere length increases from a minimum of around 1 .90,um to a maximum of around 2.2 ,um. A sarcomere length of less than 2.2 t,m provides a reserve for the Starling mechanism but with further dilatation of the ventricle the filling pressure rises very fast for relatively small increments in volume, and any further increases in volume are probably achieved through 'slippage'. When the heart is chronically dilated secondary to an increase in stroke volume ventricular compliance is usually increased so that a larger volume of blood is contained in the ventricle for any given pressure. In chronically volume-loaded ventricles which are performing well sarcomere lengths are found to be still around 2.2-2.25 ,tm but the volume in the left ventricle may be larger than can be explained by this amount of sarcomere elongation. When overstretching occurs the normally parallel Z lines begin to show zig-zagging. This 'slippage' between myofibrils which allows a cell to become longer may be an important factor in chronic ventricular dilatation. The price of 'slippage' is a permanently deformed cell so that the chronically dilated ventricle with lower filling pressures than would be expected from the inicrease in volume usually shows considerably impaired performance even though it is handling what may be many times the normal stroke volume. What is more, this impairment is permanent and persists after removal of the excessive volume load by valve replacement (Sonnenblick 1974) .
The Starling relationship reaches a limit at a point where further stretching of the muscle does not result in an increase in developed tension. At this point the sarcomeres do not shorten more despite further increases in diastolic volume. The cavity of the ventricle therefore continues to increase and the diastolic filling pressure rises further for diminishing returns in increments of stroke volume. Eventually increases in venous return raise the filling pressures in the ventricles without any consequent effect on the stroke output (Braunwald 1971) .
Dilatation in Dilated ('Congestive') Cardiomyopathy
When dilatation occurs as a consequence of failure to empty in myocardial failure the same stroke volume can still be ejected despite decreased shortening of each sarcomere simply because of the enhanced total volume. For purely geometric reasons dilatation of the heart offers an automatic compensatory mechanism. As function deteriorates further and dilatation increases the stroke volume may still be maintained. The law of La Place states that the tension in the wall of a sphere is related directly to the pressure in it and to the radius of the sphere and inversely related to the thickness of its wall. This means that if the ventricular cavity size is larger the wall tension will be higher for the same pressure generated. This increase in wall tension is probably the stimulus to hypertrophy in myocardial pump failure and in dilated cardiomyopathy the patients with greatest 'compensatory' hypertrophy appear to do better than those with less.
It is not surprising that the structural and ultrastructural appearance of the chronically stroke volume overloaded myocardium and the myocardium from the chronically dilated heart with a normal or reduced stroke volume in dilated cardiomyopathy may be indistinguishable. This long-known fact has greatly delayed the establishment of myocardial biopsy as a means of investigation of heart muscle disorder.
Hypertrophy in Hypertrophic Cardiomyopathy
The hypertrophy which occurs in hypertrophic cardiomyopathy develops apparently irrespective of any increase in myocardial work load. The hypertrophy does not occur secondary to outflow tract obstruction because outflow tract obstruction occurs in only a proportion of patients with hypertrophic cardiomyopathy and in these individuals the hypertrophy is present before the outflow tract obstruction develops and may persist and increase after the phase of outflow tract obstruction has disappeared. Patients with outflow tract obstruction, however, create a reason for further secondary hypertrophy. The cause of the onset of internal stresses which may explain the progressive hypertrophy is seen in the disorderly arrangement of the myocardial fibres. These are untidy and often show an appearance like watered silk on gross inspection of a crosssection. The whorling formation seen on light microscopy which makes it impossible to achieve either a longitudinal section or a proper crosssection must surely interfere with contraction. It is of interest that the whorling disarray is most marked in the septum where contraction has been shown by echocardiography to be most impoverished in hypertrophic cardiomyopathy. The disorder of alignment of myocardial cells must also generate isometric stresses which themselves lead to further hypertrophy. These internal loads are seen also at ultrastructural level where excessive interdigitation of myofibrils is found.
In hypertrophic cardiomyopathy in its most 'typical' form with outflow tract obstruction the abnormality of the muscle may be virtually confined to the upper part of the septum. Other parts of the heart may look relatively normal or demonstrate ordinary secondary hypertrophy in which the arrangement of the myocardial cells remains normal and the amount of hypertrophy is less extreme than it is in the septum. In the septum the myocardial cell width may be several times greater than that achieved in other types of hypertrophy. In those without outflow tract obstruction generalized hypertrophy may be extreme and it is these patients who are most at risk from sudden death (Oakley 1974) .
Heart Rate
Athletic training and normal pregnancy lead to an increase in the minute output of the heart through an increase in stroke volume. In the athlete vagal tone is increased, the heart rate is slow at rest, the heart is heavier and the coronary arteries broader than in the untrained subject. The work of the heart is minimized during exercise in the trained individual by optimal distribution of a high stroke volume to efficiently working skeletal muscles.
When the stroke volume is inadequate and cannot be increased in heart disease an exerciseinduced increase in heart rate enables the minute output to rise on effort. This is achieved through the adrenergic nervous system. The neurotransmitter is released at sympathetic nerve endings in the heart. In chronic heart failure the heart becomes depleted of its catecholamine stores and the increase in rate results from increased release of medullary adrenaline.
In conditions such as severe aortic stenosis, hypertrophic cardiomyopathy and mitral stenosis, which limit the spread of left ventricular filling, exercise-induced tachycardia may lead to an actual fall in stroke output.
In summary, the correlation between structure and function in myocardial disease is often poor and the minor differences seen despite gross differences in function have delayed the development of cardiac biopsy programmes to investigate unexplained myocardial failure. In primary dilated cardiomyopathy failure probably results from numerous different causes including such mechanical ones as hypertension leading to permanent curtailment of stroke volume and velocity of ejection associated with chronic dilatation. In other cases, biochemical faults as yet not revealed may prove to be responsible and the unravelling of the problem, effective prevention and treatment will surely come eventually from biopsy of the heart.
